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The objective of Sandia’s hydrotreating study is to determine the relationships between hydrotreating 
conditions and product characteristics for coal liquids produced using current technologies. The coal- 
derived liquid used in the current work is the kerosene fraction of the product from Hydrocarbon 
Technologies Inc.’s first proof-of-concept run for it’s Catalytic Two-Stage Liquefaction Technology. 
Sandia’s hydrotreating experiments were performed in a continuous operation, microflow reactor system 
using aged HDN-60 catalyst. A factorial experimental design with three variables (temperature, pressure, 
liquid hourly space velocity) was used in this work. Nitrogen and sulfur contents of the feed and 
hydrotreated products were determined using an Antek 7000 Sulfur and Nitrogen Analyzer. Multiple 
samples were collected at each set of reaction conditions to ensure that each condition was lined out. 
Hydrotreating at each set of reaction conditions was repeated so that results could be normalized for 
catalyst deactivation. The normalized results were statistically analyzed. Increases in temperature and 
pressure had the greatest effects on nitrogen removal. The highest severity condition (388”C, I500 psig HI, 
ISgm/g(cat)) gave a measured nitrogen value of <5 ppm. 

INTRODUCTION 

DOEmETC’s refining of coal liquids program is aimed at determining the most cost effective combination 
of existing refinery processes and blending options necessary to upgrade direct and indirect coal liquids into 
transportation fuels that meet year 2000 specifications. A main reason for this program is that coal 
liquefaction processing has improved significantly since the last refining evaluation was done by Sullivan 
and Frumkin”’ at Chevron in the early 1980s. In addition, a recent publication by Zhou, Marano and 
Winschel”’ indicates that blending coal liquids with petroleum may allow refiners to produce specification 
products with less refining than if each fraction was processed separately. 

The objective of Sandia’s refining of coalderived liquids project is to experimentally evaluate options for 
hydrotreating coal liquids and various distillate cuts of coal liquids, and to develop a database relating 
hydrotreating parameters to feed and product quality. The hydrotreating effort is being conducted using a 
bench-scale, continuous flow, trickle-bed reactor that enables us to evaluate many hydrotreating options in 
a rapid and cost effective manner. The coalderived liquid used in this work was produced in Hydrocarbon 
Technologies Inc.’s (HTI) first proof-of-concept run (POC #I) in their 3 todday Process Development 
Unit using their Catalytic Two-Stage Liquefaction Technology. This 57 day nm used Illinois #6 coal and 
produced up to 5 barrels of distillate liquid product/ton moisture-ash-free coal. After completion of this 
run, HTI shipped 2500 gallons of coal liquids to Southwest Research Inc. (SwRI) for characterization, 
fractionation, and evaluation. The kerosene fraction that Sandia hydrotreated was obtained from SwRI as 
was the aged Criterion HDNdO catalyst used in Sandia’s hydrotreating study. This work is being done in 
conjunction with DOFYPETC’s Refining and End-Use Study of Coal Liquids project (Bechtel, SwRI, 
Amoco, M. W. Kellogg). Results from Sandia’s hydrotreating work will be analyzed by Bechtel using the 
PIMS refinery model as part of their effort to determine the best way to incorporate coal liquids into an 
existing refinery. 

EXPERIMENTAL SECTION 

Sandia’s experimental procedures included using a factorial experimental design, hydrotreating the 
kerosene Fraction of the POC #1 whole coal liquid, characterizing the feed and products, and reporting 
results to other program participants. 

Reactor Feeds and Catalvst. The POC # I  kerosene fraction that was hydrotreated at Sandia was 
collected when HTI’s in-line hydrotreater was not in operation. The nitrogen and sulfur contents of this 
fraction were 645 ppm and 239 ppm respectively. The initial boiling point was 385°F and the final boiling 
point was 489°F. The nitrogen and sulfur values are Sandia’s values and the boiling points are from 
SwRI. The hydrotreating experiments used aged HDN-60 catalyst that was obtained from SwM. 

Continuous Ooeration Hvdrotreatine Svstem. Sandia’s hydrotreating experiments are being conducted 
using a bench-scale, continuous flow, trickle-bed reactor. The system has all required safety features to 
enable it to be operated unattended. Ranges of operating conditions for this system are as follows: liquid 
flow from 0.05 to 4 cm’/min; gas flows up to 2 Wmin for Nt and Ht and up to 0.5 L h i n  for HIS; 
maximum temperature of 620°C; maximum pressure of 1800 psig; reactor volume of 59 cm’; and 
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maximum catalyst loading of 25 em'. For this kerosene hydrotreating run, log of aged HDN-60 Gtalyst 
was used as received from SwRI, and the actual hydrogen flow rate was 4600 A'ibbl. Four samples can be 
collected automatically during unattended operation. With a 45 minute sample collection time and liquid 
hourly space velocities (LHSV) of 1.5 and 3 g/h/g(cat), the amounts of sample collected would weigh about 
I 1  g and 22 g respectively. 

Factorial Exwrimental Desien. Based on experience, three parameters were chosen for the factorial 
experimental design used for hydrotreating the kerosene fraction (Figure I): temperature ranging from 
32PC to 388"C, pressure from 500 to 1500 psig Hz, and LHSV from 1.5 to 3 g/h/g(cat)). Nitrogen and 
sulfur contents of the hydrotreated products were monitored during the hydrotreating experiments to ensure 
that activity was lined out at each set of reaction conditions. AAer line-out was attained, multiple samples 
were collected over a 24 hour period. All reaction conditions were tested at least twice so the effects of 
catalyst deactivation could be determined for each condition and appropriate corrections could be made. 
An Analysis of Variance (ANOVA) was used to model the results, which had been normalized for 
differences in catalyst deactivation and extrapolated to a total of 28,000 g of feed processed. The 
controlled variables used in the ANOVA are the measured temperature, pressure, and LHSV. In addition, 
SwRl requested that we test the center points of the cube edges paAlIel to the temperature axis. These 
points were also included in the ANOVA. 

Nitroeen and Sulfur Analvses. Small samples were collected either manually or automatically throughout 
the run. Nitrogen analyses were used to determine when line-out was achieved at each reaction condition. 
These analyses were performed using an Antek 7000 Sulfur & Nitrogen Analyzer with an automatic 
sampler. Standards were prepared using phenanthridine for nitrogen, thianthrene for sulfur, and toluene for 
the solvent. Six standards prepared by serial dilution were used in the analysis. Standards were measured 
at least twice. A polynomial fit of the intensity versus concentration data was used for analysis of nitrogen, 
and a linear fit of the intensity versus concentration data was used for sulfur. Results will only be shown 
for nitrogen because sulfur values are very low with only one sample having a measured value >20 ppm. 

RESULTS AND DISCUSSION 

This run was very successful. There was one unpl-ed shutdown on the second day of the run due to an 
operator error. The reactor was restarted and operated continuously for 55 days until the end of the run. 
The letters at each data point in Figure 2 show thc order in which the various conditions were evaluated. 
The first number after the letter is the average ppm nitrogen at that condition. The number in parentheses 
is the total amount of feed in grams that had been processed through the reactor from the start of the 
evaluation of the experimental design to the time the samples were collected. All eight comers and the 
center point of the cubic design were run at least twice so that the rate of catalyst deactivation could be 
detcrmined for each condition. The four points at the center points of the cube edges parallel to the 
temperature axis were only tested once because of lack of feed. 

Catalvst Deactivation Correction. Results for each condition (Figure 2) show that the measured nitrogen 
contents get higher as the amount of feed processed increases, thus indicating catalyst deactivation. The 
first step in the analysis of the results was to normalize the results for catalyst deactivation so that all 
results could be compared based on an equal amount of feed processed. This was accomplished by plotting 
nitrogen values for each lined-out sample collected at a given condition versus the total amount of feed 
processed from the start of the run until that sample was collected. For example, the numbers of lined-out 
samples collected at 388"C, 500 psig Hz, and 1.5 g/h/g(cat), were 8 for point A, 3 for point 1, and 6 for 
point R The equation for the straight line calculated for these 17 samples was Y = 0.00705X t 49.3 with 
? = 0.97. The slope of this equation (0.00705 p p d g  of feed processed) was then used to extrapolate the 
nitrogen content of each individual sample obtained at this condition out to 28,000 g of total feed. This 
was approximately the total amount of feed processed in this hydrotreating run. This analysis was 
performed for each reaction condition. These normalized nitrogen values for all conditions were then used 
in the ANOVA to give a model for the remaining nitrogen at 28,000 g total feed processed. The slopes of 
the lines for the various conditions are shown in Figure 3. The slopes used to correct the values at the 
center points of the cube edges parallel to the temperature axis were the averages of the high temperature 
and low temperature slopes at the same LHSV and pressure. The negative deactivation slope at 327"C, 
500 psig H2, 3 g/h/g(cat) is due to the collection of only two samples, which gave poor reproducibility in 
the nitrogen analysis, at the second repeat of this test condition. 

Model for Nitroeen Remsinine at  28.000 e Total Feed Processed. The ANOVA model for nitrogen 
contents of samples at 28,000 g of total feed processed is shown in Table I. Results show a good fit of the 
model to the data as indicated by an ? value of 0.95. Calculated nitrogen values vary from 7.9 ppm at the 
highest severity condition (388"C, 1500 psig Hz, 1.5 g/h/g(cat)) to 599.7 ppm at the lowest severity 
condition ( 3 2 7 T ,  500 psig H2, 3.0 gMg(cat)). The greatest impacts on the nitrogen content are due to the 
individual effects of temperature and pressure. Changing LHSV by itself has the least effect on nitrogen 
content. Figure 4 gives a comparison of the calculated and measured results for all reaction conditions. 
The biggest difference between the calculated and measured results is at the lowest severity condition 
327"C, 500 psig HI, 3 g/h/g(cat). The calculated value for nitrogen a! this condition is 675.6 ppm, whereas 
the amount of nitrogen in the feed is 645 ppm. This discrepancy is probably due to higher variability in 
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analytical results as nitrogen contents get higher. Efforts are currently underway to quantify and decrease 
the sources of variability in the nitrogen analysis procedure. 

CONCLUSIONS 

Results of hydrotreating a coal liquid produced using Hn's Catalytic Two-Stage Liquefaction process 
show that good denitrogenation and good desulfurization can be obtained under relatively mild conditions. 
Processing at the highest seventy condition (388"C, 1500 psig HI, 1.5 gMg(cat)) decreases nitrogen from 
645 ppm in the feed to 7.9 ppm in the hydrotreated product. Sulfur contents were very low for all 
hydrotreated products, The feed had 239 ppm sulfur whereas all hydrotreating conditions gave <2O ppm 
sulfur. The results of this work will be used by Bechtel in their Refining and End-Use Study of Coal 
Liquids project to determine the best way to introduce direct coal liquids into an existing refinery. 
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Table 1. Model for Nitrogen Content of Reaction Products 
(Normalized to 28,000g of Feed Processed) 

I NITROGEN (ppm) 
Parameter I Model I Meas'd. I Std. Error 

I 0.95 . I I I 
* Value calculated for 32PC, 1.5 g/h!g(cat), 500 psig HZ 
** g/h/g(=t) 
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Figure 1: Factorial Experimental Design (Temperature ='C, 
Pressure = psig H2, LHSV = prmg(cat)) 

FACTORIAL EXPERIMENTAL DESIGN 

,500, 1.5) 

TEMPERATURE 

Figure 2: Testing Sequence, Measured Average Nitrogen Values, and Tot+ Amount 
of Feed Processed From Start of Run Until Sample Collected 

MEASURED NITROGEN (Dprn) 
. ORDER OF TESTING, AVERAGE ppm N, (TOTAL FEED (9)) 

TEMPERATURE 0 577 (17210) 
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Figure 3: Deactivation Rates for Each Experimental Condition 
(ppm NllOOO g Feed) 

NITROGEN DEACTIVATION CORRECTIONS 
ppm/1000g FEED 
(FIT OF DATA) 
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Figure 4: Measured and Calculated Nitrogen Values 
(At 28,OOOg Total Feed Processed) 

NITROGEN (ppm) CORRECTED TO 28,0009 FEED 
CALCULATED VALUES 

(AVERAGE MEASURED VALUES) 

I I 

- 
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